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Technology (POSTECH), Pohang, Republic of KoreaABSTRACT Amyloid fibrillation in water-organic mixtures has been widely studied to understand the effect of protein-solvent
interactions on the fibrillation process. In this study, we monitored insulin fibrillation in formamide and its methyl derivatives
(formamide, N-methyl formamide, N,N-dimethyl formamide) in the presence and absence of water. These model solvent
systems mimic the cellular environment by providing denaturing conditions and a hydrophobic environment with limited water
content. Thioflavin T (ThT) assay revealed that binary mixtures of water with formamide and its methyl derivatives enhanced
fibrillation rates and b-sheet abundance, whereas organic solvents suppressed insulin fibrillation. We utilized solution small-
angle x-ray scattering (SAXS) and differential scanning calorimetry (DSC) to investigate the correlation between protein-solvent
interactions and insulin fibrillation. SAXS experiments combined with simulated annealing of the protein indicated that the
degree of denaturation of the hydrophobic core region at residues B11–B17 determines the fibrillation rate. In addition, DSC
experiments suggested a crucial role of hydrophobic interactions in the fibrillation process. These results imply that an environ-
ment with limited water, which imitates a lipid membrane system, accelerates protein denaturation and the formation of intermo-
lecular hydrophobic interactions during amyloid fibrillation.INTRODUCTIONAmyloidoses, including Alzheimer’s disease (1), Parkin-
son’s disease (2), type II diabetes (3), and spongiform
encephalopathy (4), are associated with the formation of
amyloid fibrils. The fibrillation process of amyloidogenic
proteins is initiated by the conversion of innocuous proteins
into oligomeric intermediates to form highly ordered, un-
branched b-sheet structures (5). Due to the complexity of
amyloidosis (6), amyloid fibrillation of proteins in vivo is
not fully understood. However, a protein-misfolding event
is highly correlated with amyloid fibrillation (7). Therefore,
investigating the mechanistic details of the misfolding event
is valuable for understanding amyloid fibrillation and devel-
oping a therapeutic strategy for amyloidosis.
Water-protein interactions are an important aspect of
amyloid fibrillation. Water plays a pivotal role in the
conformational search during protein folding (8). Hydro-
philic residues are oriented toward the outer space of a pro-
tein, whereas hydrophobic residues are buried within the
inner space due to intramolecular hydrophobic interactions
(9,10). Thus, denaturation of a protein to expose its interior
hydrophobic residues to external aqueous solution is not a
spontaneous process (8,11). When the hydrophobic regions
of a protein are exposed to water, self-assembled protein ag-
gregation is initiated via intermolecular hydrophobic inter-
actions to minimize contact with water molecules (6,12).
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interactions are considered a common driving force for pro-
tein aggregation (13). Various environmental factors for pro-
tein denaturation are present in cellular environments (14).
For example, the presence of a lipid membrane restricts wa-
ter contents near the water-lipid interface (15–17), resulting
in the structural transformation of proteins (18–21). Thus,
numerous studies have investigated the effect of environ-
mental factors on amyloid fibrillation by mimicking the
cellular environment using lipid vesicles (21–23), organic
solvents (24–30), and artificial crowding agents (31–34).
However, elucidating the role of denaturation and water in
amyloid fibrillation remains challenging (8,35).
Insulin, one of the more than 30 amyloidogenic proteins
that have been identified to date, causes injection-localized
amyloidosis (Scheme 1) (5). Insulin fibrillation occurs
in vitro as well and is a critical consideration in the commer-
cial production of the protein for diabetes treatment (36).
Numerous studies of the mechanism of insulin fibrillation
have been performed at elevated temperature (37), low pH
(38), and high ionic strength (39). Insulin is present as the
associated oligomer in the native state through hydrophobic
interactions of hydrophobic residues (A8–A18, B1–B3,
B9–B18, and B25–28) (40,41). However, under the environ-
mental stresses described above, the interface between the
hydrophobic residues is destabilized and the associated in-
sulin oligomer dissociates into monomers (37,42). The helix
bundles of the insulin monomers then undergo partial dena-
turation, with the exception of residues B11–B17 of the
B-chain (Scheme 1), which retains its a-helical structurehttp://dx.doi.org/10.1016/j.bpj.2014.09.008
SCHEME 1 Structure of human insulin (top) and formamide derivatives
(bottom). Residues B11–B17 are marked in bold.
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occurs (37). A pair of B11–B17 residues is eventually rear-
ranged into a cross-b structure, which is assembled into the
fibril spine of a mature insulin fibril (43). After protein dena-
turation, hydrophobic interactions are crucial for amyloid
assembly of insulin. Residues B11–B17 and B24–B26 are
related to the formation of dimeric building blocks, and
the N-terminus of the B-chain governs the formation of
oligomers during insulin fibrillation (44,45). Recently, our
laboratory demonstrated effective inhibition of insulin fibril-
lation by capturing phenylalanine residues at B1 and B24
using cucurbit[7]uril (46), thereby inhibiting intermolecular
hydrophobic interactions between the proteins. Thus, dena-
turation and hydrophobic interactions cooperate in each step
of the protein fibrillation process.
The lipid membrane is closely associated with insulin
fibrillation, as demonstrated by the formation of extracel-
lular fibrils in response to frequent injection of insulin solu-
tion into the same general region near the subcutaneous fat
layer in type I diabetes patients (47). Previous model studies
have suggested that interactions between insulin and the
headgroups of phospholipids cause protein denaturation in
the lipid membrane (48–51). However, the effect of a low-
water-density environment, which is a characteristic feature
of the water-membrane interface, on the structural transition
and related intermolecular interactions of insulin has not
been investigated.
Water-organic cosolvent systems have been widely adop-
ted as simplified model systems for membrane environ-
ments (28,53). The cosolvent system can modulate
protein folding by changing the hydration shell (54), hydro-
phobic interactions (55), and intramolecular hydrogen
bonds of the protein (18,56). This approach is also appli-
cable for studying the fibrillation process of amyloidogenic
proteins because protein fibrillation is a complex process
that involves both intermolecular hydrophobic interactions
and protein folding (9). The cosolvent system affects
both the rearrangement of the protein structure in the
initial state and protein aggregation in the denatured stateBiophysical Journal 107(8) 1939–1949(24,28,30). Thus, this system provides insight into the
environmental factors that are closely related to amyloid
fibrillation. Intermolecular interactions between water and
formamide have been studied as a model system to mimic
the hydration of a protein, because the functional group
of formamide can represent the peptide backbone (57).
When formamide is directly added to a protein solution,
globular proteins are reported to unfold (58,59). Previous
studies (60,61) have demonstrated that both the polar and
nonpolar functional groups of formamide and its methyl
derivatives (Scheme 1) contribute to the denaturation of
globular proteins. The polar functional group (i.e., amide)
solvates the peptide backbone, whereas the nonpolar
functional group (i.e., the methyl group in the amide
group) stabilizes the hydrophobic residues exposed to the
exterior.
In this study, we investigated the role of denaturation
and hydrophobic interactions on insulin fibrillation in
formamide and its N-methyl derivatives (formamide (FM),
N-methyl formamide (NMF), and N,N-dimethyl formamide
(DMF)) as cosolvent systems (1:1 by volume). We then
compared the insulin structures and fibrillations observed
in the solutions of formamide and its methyl derivatives.
We used the thioflavin T (ThT) assay to monitor the
rate of fibrillation of insulin. Fibrillar morphology was
confirmed by transmission electron microscopy (TEM).
We further investigated insulin-solvent interactions and
protein structures under these conditions by using solution
small-angle x-ray scattering (SAXS) combined with theo-
retical structures obtained by simulated annealing and dif-
ferential scanning calorimetry (DSC).MATERIALS AND METHODS
Sample preparation
Human recombinant insulin (zinc free) and ThT were purchased from
Sigma-Aldrich (St. Louis, MO). FM and NMF were purchased from Tokyo
Chemical Industry (Tokyo, Japan), and DMF was purchased from Sigma-
Aldrich. The stock solution of insulin was adjusted to 2 mg/mL, and 500
mL of the solution was transferred to a borosilicate glass vial. The final
pH of the solution was adjusted to 7.0 using 0.5 M imidazole-HCl buffer.
All insulin solutions were incubated at 60C.ThT binding assay
The ThT stock solution was freshly prepared at a concentration of 0.1 mg/
mL by diluting 10 mL of the stock solution with 380 mL of buffer. A 10 mL
aliquot of the incubated insulin solution was transferred to the diluted ThT
solution. All fluorescence experiments were performed on a Quantmaster-3
spectrofluorometer (PTI, Birmingham, NJ) at an excitation wavelength of
452 nm and an emission wavelength of 475 nm. The fibrillation rate of amy-
loidogenic proteins is promoted by ThT in the in situ ThT assay (62,63).
Thus, all insulin samples were incubated without ThT and fluorescence
measurements were performed within 1 min. The intensities of all fluores-
cence measurements were normalized to the highest intensity in each plot
except when the fibrillation process was not initiated during the incubation.
The kinetics of fibril formation was analyzed using Origin 9.0 software and
Fibrillation under Water-Limited Conditions 1941the t50 values were extracted from the sigmoidal curve (64). The t50 value
was defined as the half-maximal fluorescence time point.TEM
For TEM, 400-mesh formvar/carbon-coated copper grids were purchased
from Electron Microscopy Science (Hatfield, PA). Aliquots of 5 mL of
the incubated insulin solution were spotted on the grid for 0.5–5 min and
then the grid was washed three times with 10 mL of water. Finally, 5 mL
of 1 wt% uranyl acetate solution dissolved in water was spotted for
1 min to negatively stain the fibril species. The treated grids were analyzed
using a JEM-1011 transmission electron microscope (JEOL, Tokyo, Japan)
at the Biotech Center of the Pohang University of Science and Technology
(POSTECH).Solution SAXS
All SAXS measurements were performed at the 4C SAXS II beamline of
the Pohang Accelerator Laboratory, POSTECH. The concentration of insu-
lin was adjusted to 2 mg/mL and the sample-to-detector distance was set to
either 1 or 3 m. The magnitude of the scattering vectors (q ¼ (4p/l)sinq)
ranged from 0.01 to 0.76 A˚1. All scattering experiments were performed
at 20C. Each measurement was performed at least three times using fresh
samples. The scattering patterns were recorded for 30 s. The procedures
used to obtain the radius of gyration (Rg), zero-angle scattering intensity
(I(0)), and p(r) function were as described in the literature (65).3D modeling combined with theoretical
structures of insulin
Simulated annealing was performed using Gromacs 4.5.5 (66) to generate a
large pool of insulin conformation samples. The insulin structure (PDB
code: 3E7Y) was annealed with a generalized Born implicit solvent model
(67) with a stochastic dynamics integrator to perform an efficient search on
a wide conformational space in the condensed phase. The initial structure
was minimized in the implicit solvent using the steepest-descent method
and subsequently subjected to 400 ps annealing cycles. In each annealing
cycle, the temperature was maintained at 300 K for 100 ps for equilibration
and then increased to 350, 400, 450, 500, 600, 700, 800, 900, and 1000 K
for 100 ps. The high temperature was maintained for another 100 ps and the
structure was then cooled to 300 K for 100 ps. The Amber99sb force field
(68) was used and a total of 60,000 conformations were generated. The
theoretical scattering profiles of the simulated structures were compared
with the experimental scattering profiles of insulin for each solvent system
using the CRYSOL program (69). The validity of the simulated structures
was evaluated by comparing the c2 values and Rg within the pool of insulin
conformations. c2-Rg diagrams from the pool of insulin conformation are
presented in Fig. S1 in the Supporting Material. A relatively small c2 value
might indicate an increased probability of the simulated structure represent-
ing the actual conformation of the protein from SAXS analysis. The
detailed equation for c2 has been described previously (70). We also
compared the p(r) function of the candidate structures with the experi-
mental p(r) function to confirm the structural information of our theoretical
insulin model in real space. We measured the solvent-accessible surface
area (SASA) of the B11–B17 residues within the simulated structures by
using the double cubic lattice method (71).DSC
All DSC experiments were performed on a CSC 6100 Nano-Differential
Scanning Calorimeter II (Calorimetry Sciences, Lindon, UT). The concen-
tration of the insulin solution was adjusted to 2 mg/mL. The temperature
range was set at 5–95C with a scan rate of 1C/min. A buffer-buffer refer-ence scan was subtracted from each sample scan. The gains in enthalpy
(DHu) and entropy (DSu) seen during thermal denaturation were calculated
using Eqs. 1 and 2. The reference temperature (T0) of overall thermal dena-
turation was defined as the point at which the Gibbs free energy reached
zero (Eq. 3) by enthalpy-entropy compensation. Thermal denaturation of
the proteins in each solvent condition was thermodynamically favored
above T0. Because this definition was derived from a general equation, it
was applied to a non-two-state model (72,73).
DHu ¼
Z T2
T1
CpdT (1)
Z T2 Cp
DSu ¼
T1
T
dT (2)
DGu ¼ DHu  T0DSu ¼ 0 (3)Matrix-assisted laser desorption/ ionization mass
spectrometry
Matrix-assisted laser desorption/ionization (MALDI) spectra of insulin
within each solvent system were obtained using a Waters Synapt G2
HDMS MALDI spectrometer equipped with a 355 nm Nd:YAG laser
(Waters, Manchester, UK) in the positive ion mode. The final concentra-
tions of CHCA and insulin were reduced to 5 and 0.06 mg/mL, respectively,
using the buffer solution. As shown in Fig. S2, all insulin samples obtained
from the solvents investigated in this study exhibited a singly charged peak
at m/z 5806.8, confirming that no chemical modifications were caused by
the solvent.RESULTS AND DISCUSSION
Effect of formamide and its methyl derivatives on
insulin fibrillation
The ThT binding assay was used to monitor fibrillation rates
of insulin in various organic solvent systems composed of
either formamide or its methyl derivatives. ThT emits fluo-
rescence at ~475 nm as it binds to b-sheets (74). As shown
in Fig. 1 a, the ThT fluorescence in water (with 0.5 M imid-
azole-HCl buffer, pH 7.0) increased after a lag phase period
of ~13 h and the fluorescence reached a plateau at ~26 h.
The t50 value of the ThT fluorescence was measured as
18.7 5 1.0 h. Insulin fibrillation became faster in binary
mixtures of formamide and its methyl derivatives (1:1
water-organic solvent mixture with 0.5 M imidazole-HCl
buffer, pH 7.0). The fibrillation process was further acceler-
ated in binary mixtures because the number of hydrogen-
bondable protons increases in organic solvent. The lag
phase period decreased to ~6 h, ~5 h, and ~3 h in 1:1 water
cosolvents with DMF (DMF50), NMF (NMF50), and FM
(FM50), respectively. Insulin then underwent fibrillation un-
til it reached a plateau at 12, 10, and 8 h in DMF50, NMF50,
and FM50, respectively. The t50 values of fibrillation ki-
netics were 7.9 5 0.3, 7.0 5 0.2, and 5.9 5 0.1 h in
DMF50, NMF50, and FM50, respectively. In contrast to
the experiments in binary mixtures, the fibrillation rate ofBiophysical Journal 107(8) 1939–1949
FIGURE 2 (a) Experimental SAXS scattering profiles of 2 mg/mL insu-
lin. (b) Guinier plot from the small q range of the scattering profiles. (c and
d) Kratky plots of insulin in (c) binary mixtures and (d) organic solvents.
The y axes of the Kratky plots were normalized with the highest q2∙I(q)
value of water.
FIGURE 1 (a and b) Fibrillation kinetics of insulin in (a) binary mixtures
and (b) organic solvents. The plot of water is inserted in each figure as the
control experiment. All fluorescence plots in (a) and (b) are normalized to
the highest fluorescence intensity in each plot, except for NMF100 and
DMF100. (c) The ThT fluorescence of all incubated samples at the plateau
was also measured to correct for the variable fluorescence of ThT in
different solvents. All incubated solutions were diluted 80-fold with water.
(d) TEM images of all incubated samples. To see this figure in color, go
online.
1942 Choi et al.insulin was slower in organic solvents (0.5 M imidazole-
HCl buffer, pH 7.0; Fig. 1 b). The ThT fluorescence inten-
sity increased after a lag phase period of ~35 h in FM
(FM100) and reached a plateau at ~90 h (t50 ¼ 53.9 5
7.7 h). No significant change in the ThT fluorescence was
observed in NMF (NMF100) and DMF (DMF100) after in-
cubation for 130 h.
The fluorescence intensity of ThT is sensitive to the sol-
vent system as well as to the binding event with amyloid fi-
brils (75). To compare the intensity at the plateau without
interference from solvent molecules, we also measured the
fluorescence by diluting all incubated samples at the plateau
80-fold with water. We then compared the fluorescence in-
tensity of the diluted sample with the reference, which
was composed only of ThT dye in water. As shown in
Fig. 1 c, all samples from the binary mixtures exhibited
higher ThT intensities, suggesting the formation of more
mature b-fibrils compared with those in the sample incu-
bated in water. However, no significant increase in ThT
fluorescence was observed with the samples incubated in
organic solvents. Only the insulin sample from FM100
exhibited slightly increased ThT fluorescence. The relative
ThT intensities at the plateau correlated with the fibrilla-
tion rates of insulin in different solvent systems. The
morphology of the insulin fibrils was investigated using
TEM. As shown in Fig. 1 d, the TEM image of the insulin
fibrils supports the observed relative ThT fluorescence
intensities. Insulin incubated in water formed short fibrils
with amorphous aggregates. However, many elongatedBiophysical Journal 107(8) 1939–1949fibrils were formed in binary mixtures. By contrast, no sig-
nificant protein fibril formation was observed for the insulin
incubated in NMF100 and DMF100. Only sparse fibrils
were observed for the insulin incubated in FM100. These
results suggest that FM and its methyl derivatives promote
the fibrillation of insulin in the presence of water. In addi-
tion, insulin fibrillation was enhanced as the number of
hydrogen-bondable protons in the amide groups of organic
solvent increased.Structural analysis of insulin using Guinier and
Kratky plots from SAXS profiles
A correlation between the initial structure of an amyloido-
genic protein and its fibrillation rate has been proposed
(76). The structural rigidity of an amyloidogenic protein
produces constraints that prevent the intrinsic secondary
structure of the core sequence from converting to the
cross-b structure (7). The unfolded state of the amyloi-
dogenic protein lowers the activation energy for the con-
formational rearrangement of the core sequence (76).
Therefore, the formation of an intermediate in the unfolded
state is expected to accelerate the fibrillation rate. To un-
derstand the relationship between the observed difference
in fibrillation rates and the initial structures of the protein,
we used solution SAXS to investigate the structures of
insulin in organic solvents with and without water as a co-
solvent. The scattering profiles of insulin are shown in
Fig. 2 a and the Guinier plots (65) are shown in Fig. 2 b.
Fibrillation under Water-Limited Conditions 1943Linearity in the small q range, which indicates a homoge-
neous size of insulin in solution, was observed in the
Guinier plots of all solvent systems, with the exception
of DMF100. The absence of linearity in DMF100 indicates
that the protein is present as unknown aggregates (77). The
Rg of insulin (Table 1) indicates that insulin is present as a
tetramer in water (Rg ¼ 21.2 A˚), whereas the protein is pre-
sent as a monomer in organic solvents, except DMF100
(Rg ¼ 12.6 ~13.9 A˚) (41). The Rg value of insulin de-
creases as the number of hydrogen-bondable protons
within the organic solvent decreases. The theoretical Rg
calculated from the crystal structure of monomeric insulin
(PDB code: 3E7Y) is ~11.6 A˚. Compared with the crystal
structure, Rg values increased by þ17%, þ10%, and þ8%
in FM50, NMF50, and DMF50, respectively (Table S1). In
FM100 and NMF100, Rg values increased by þ19%
and þ10%, respectively.
Kratky plots, which provide information about the
folding state of polypeptide chains, are shown in Fig. 2, c
and d (65). The Kratky plot of insulin in water exhibits a
bell-shaped Gaussian curve, indicating a compact protein
structure. By contrast, the Kratky plot of insulin within a
binary mixture is consistent with the pattern of an unfolded
protein (Fig. 2 c). As the number of hydrogen-bondable
protons within the organic solvent increases, the compact-
ness of insulin in solution increases. The Kratky plots of in-
sulin in organic solvents indicate that insulin is present as
loosely packed structures in FM100 and NMF100 (Fig. 2
d). Insulin in DMF100 exhibits features of an unfolded
structure. However, the heterogeneity of DMF100 prevents
a conclusive structural characterization. Both the Guinier
and Kratky plots imply that organic solvents denature the
native structure of insulin. Although the Guinier plots
exhibit little difference in Rg values, the Kratky plots further
support our contention that the degree of denaturation in-
creases as the number of hydrogen-bondable protons within
the organic solvent increases.Structure analysis of insulin in water based
on SAXS
To obtain detailed information about the conformations of
insulin in the solvent systems, we calculated the p(r) func-
tion from the SAXS data (65). The p(r) function for eachTABLE 1 Structural parameters of insulin from Guinier plots
and pair distance distribution function p(r) in Figs. 3–5
Rg,Guinier (A˚) Rg, p(r) (A˚) I(0) (a.u.) Dmax (A˚) Association state
Water 21.25 0.1 21.65 0.1 37.45 0.3 70 tetramer
FM50 13.65 0.5 13.45 0.1 10.25 0.1 45 monomer
NMF50 12.85 0.4 13.05 0.2 11.65 0.1 47 monomer
DMF50 12.65 0.4 12.85 0.1 8.45 0.1 43 monomer
FM100 13.95 1.5 13.65 0.2 9.45 0.2 44 monomer
NMF100 12.85 0.3 13.05 0.1 11.45 0.1 43 monomer
DMF100 not availablesolvent system is shown in Figs. 3–5 with the corresponding
experimental SAXS profile. The values of Rg and I(0) ob-
tained from the p(r) functions are summarized in Table 1.
The Rg values calculated from the p(r) functions agree
well with those obtained from the Guinier approximations.
The I(0) value demonstrates that insulin in water prefers
to exist as a tetramer at a concentration of 2 mg/mL (Table
1), in agreement with previous reports that the native oligo-
meric state (i.e., the association state) of insulin is a tetramer
at neutral pH in the absence of divalent zinc ions (37,47).
Structural models (i.e., the SAXS envelope) of insulin
were reconstructed from the p(r) function using the
GASBOR program (78). Fig. 3 shows the SAXS envelope
of insulin in water. To our knowledge, the crystal structure
of the insulin tetramer has not been previously reported.
Therefore, the conformation of a pair of insulin dimers
was rearranged for comparison with the SAXS envelope.
The theoretical scattering profile and p(r) function support
a close match between the rearranged structure and the
SAXS envelope (c2 ¼ 20.6). Disassembly of the associated
insulin oligomer is one of the rate-determining steps in insu-
lin fibrillation because fibrillation is initiated from the
monomeric state of the protein (37). Therefore, the SAXS
envelope of insulin suggests that the fibrillation rate in water
is delayed by the disassembly of the tetramer into the
monomer.Structural conversion of B11–B17 core residues
from a-helix to random coil in binary mixtures of
water and organic solvents
Based on the I(0) values in Table 1, we conclude that insulin
is present as a monomer in binary mixtures. The Rg values of
monomeric insulin decrease as the number of hydrogen-
bondable protons within the organic solvent decreases.
The largest Rg value for insulin, 13.4 A˚, was observed inFIGURE 3 Reconstructed SAXS envelope in water and the rearranged
crystal structure (PDB code: 3E7Y). Insulin chain A, chain B, and residues
B11–B17 in the rearranged crystal structure are marked in purple, corn-
flower blue, and red, respectively. The scattering profiles and p(r) functions
of the SAXS envelope and rearranged crystal structure are shown for
comparison. To see this figure in color, go online.
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FIGURE 5 (a and b) Reconstructed SAXS envelopes and representative
candidate structures from simulated annealing in (a) FM100 and (b)
NMF100. Insulin chain A, chain B, and residues B11–B17 in the simulated
structures are marked in purple, cornflower blue, and red, respectively. The
profiles and p(r) functions of the SAXS envelope and candidate structure
are shown for comparison. The minor differences between the SAXS enve-
lopes and representative structures were attributed to residues B24–B30. To
see this figure in color, go online.
FIGURE 4 (a–c) Reconstructed SAXS envelopes and representative
candidate structures from simulated annealing in (a) FM50, (b) NMF50,
and (c) DMF50. Insulin chain A, chain B, and residues B11–B17 in the
simulated structures are marked in purple, cornflower blue, and red, respec-
tively. The scattering profiles and p(r) functions of the SAXS envelope and
candidate structure are shown for comparison. The minor differences be-
tween the SAXS envelopes and representative structures were attributed
to residues B24–B30. To see this figure in color, go online.
1944 Choi et al.FM50. In NMF50 and DMF50, the insulin structures
become smaller, with Rg values of 13.0 and 12.8 A˚, respec-
tively. These results agree well with Rg values determined
from the Guinier plots (Fig. 2 b). The difference in Rg values
between the Guinier analysis and p(r) originates from the
range of scattering profiles that are used in the analysis
(65). However, trends of Rg values observed in both the
Guinier plot and p(r) show good agreement.
Fig. 4 shows the SAXS envelopes of insulin within binary
mixtures along with representative candidate structures ob-
tained from sampling using simulated annealing (see Figs.
S3–S5 for additional candidates). The candidate simulated
structures in Fig. 4 were selected on the basis of good agree-
ment between the theoretical and experimental scattering
profiles (c2 ¼ 4.14, 7.22, and 12.69 for FM50, NMF50,
and DMF50, respectively). The theoretical Rg values ob-
tained from the simulated structures are also in goodBiophysical Journal 107(8) 1939–1949agreement with the experimental results. Minor differences
between the SAXS envelopes and representative structures
were observed, as were differences between the experi-
mental and theoretical p(r) functions. The simulated struc-
tures demonstrate that the residues B24–B30 of the
C-terminus do not match the SAXS envelopes. Because
the structure of B24–B30 is flexible (79), the structure of
this region is likely not detectable in scattering patterns (80).
We next investigated the secondary structure of the hy-
drophobic core region of the B-chain (residues B11–B17)
from the simulated structures to characterize the role of
FM and its methyl derivatives in insulin fibrillation. A
gradual change from a-helical to random coil structure in
residues B11–B17 was observed in the simulated structures
as the number of hydrogen-bondable protons within the
organic solvent increased (Figs. 4 and S3–S5). No trace of
helical property was observed in insulin in FM50. Only
three amino acid residues maintained a-helical structure in
NMF50. By contrast, the entire B11–B17 region retained
a-helical structure in DMF50. We also investigated the
SASA to quantitatively analyze the degree of exposure of
the B11–B17 region to solvents (Table S2). The SASA of
residues B11–B17 was 6.8 nm2 in FM50 and decreased to
5.3 and 5.1 nm2 in NMF50 and DMF50, respectively. The
lowest value of SASA for residues B11–B17, 4.9 nm2,
was observed in the native state (PDB code: 3E7Y). These
TABLE 2 Thermal transition midpoint (T0), enthalpy (DHu),
and entropy (DSu) during insulin unfolding based on the DSC
thermograms shown in Fig. S8
T0 (
C) DHu (kJ/mol) DSu (J/K,mol)
Water 67.15 0.3 103.35 0.2 304.15 0.3
FM50 31.95 0.4 34.85 0.1 113.95 0.2
NMF50 34.45 0.1 52.85 0.2 171.55 0.1
DMF50 29.55 0.2 95.75 0.3 315.75 0.5
FM100 48.05 0.3 5.65 0.1 17.35 0.1
NMF100 52.95 0.7 17.25 0.1 52.55 0.1
DMF100 68.25 1.7 66.35 0.4 193.55 1.1
Fibrillation under Water-Limited Conditions 1945results demonstrate that residues B11–B17 in the simulated
structures are gradually exposed to solvent during the struc-
tural transition from a-helix to random coil.
The SAXS results, combined with the theoretical struc-
tures obtained by simulated annealing, imply that organic
solvents disassemble insulin from tetramer to monomer
and denature the native structure in the initial state. The
formation of multimeric insulin is sterically hindered by
hydrogen-bond interactions between the protein and water
molecules on multimer-forming surfaces (81). In the pres-
ence of organic solvents, the interaction between the protein
and organic solvent is expected to be stronger than the inter-
action between the protein and water because amide-amide
hydrogen bonds are more stable than hydroxyl-amide
hydrogen bonds (82). Therefore, organic solvents may
enhance the disassembly of tetrameric insulin into mono-
mers, as compared with water. In addition, the interaction
between the protein and organic solvents solvates peptide
backbone, thereby denaturing the native structure of the pro-
tein (58). As the protons of the amide group are substituted
for methyl groups, the hydrogen-bond interactions between
the protein and organic solvent will most likely be reduced.
Alternatively, the methyl groups could interact with the hy-
drophobic functional groups of the protein. Because multi-
mer-forming surfaces include a large hydrophobic region
(81), it is expected that methyl groups also enhance the
disassembly of tetrameric insulin by solvation on multi-
mer-forming surfaces. In contrast to the hydrogen-bond
interaction between the protein and organic solvents, the
hydrophobic environment of methyl groups increases a-he-
lix propensity by enhancing hydrogen bonding of the pro-
tein and exposing hydrophobic side chains to the outside
(83,84). Consequently, the a-helix propensity of residues
B11–B17 of the protein is expected to increase as the
number of substituted methyl groups in organic solvent
increases.
In water, residues B11–B17 are buried within the protein
as an a-helix (Fig. 3). These residues retain helical structure
in the partially folded intermediate (37) but eventually are
converted to a cross-b structure during the fibrillation pro-
cess (43). The activation energy for the structural conversion
of residues B11–B17 from a-helix to cross-b is expected to
lengthen the lag phase of insulin fibrillation in water (9).
However, in binary mixtures, the overall structure of insulin
is denatured, and residues B11–B17 change to random coil
with increasing SAS values (Table S2). Therefore, the acti-
vation energy for rearrangement of residues B11–B17 is
decreased compared with the protein in water. Within binary
mixtures, the fibrillation rate of the protein is correlated
with the degree of denaturation of residues B11–B17. The
Rg values and Kratky plots also indicate that the degree
of denaturation is proportional to the fibrillation rate.
The randomness and SAS values of residues B11–B17
in the simulated structures also increase as the number of
hydrogen-bondable protons within the organic solventincreases (Table S2). Therefore, a longer lag period is
required to destabilize the helical structure of residues
B11–B17 as the number of substituted methyl groups within
the organic solvent increases.Denatured structure of B11–B17 core residues in
organic solvents
Insulin is also present as a monomer in FM100 and
NMF100, as indicated by the values of I(0) (Table 1). The
Rg values were 13.6 and 13.0 A˚ in FM100 and NMF100,
respectively. Fig. 5 shows the SAXS envelopes of insulin
in FM100 and NMF100 along with the simulated structures
(see Figs. S6 and S7 for additional candidates), which were
selected on the basis of Rg and c
2 values (11.9 for FM100
and 3.7 for NMF100). Residues B11–B17 of the simulated
structures show only random coil (Fig. 5). The SAS values
of the B11–B17 region from the simulated structures within
FM100 and NMF100 are 7.1 and 8.8 nm2, respectively (Ta-
ble S2). This result suggests that denaturation of residues
B11–B17 is greater in organic solvents than in binary
mixtures.
Insulin is present in a denatured state in FM100 and
NMF100, but the fibrillation rates in these solvent mixtures
are slower than in water and binary mixtures (Fig. 1). The
simulated structure also suggests that the secondary struc-
ture of residues B11–B17 in FM100 and NMF100 is random
coil, and the SAS values are larger than those of the binary
mixtures. These results imply that the presence of water
plays a crucial role in insulin fibrillation.Thermal denaturation of insulin monitored
by DSC
DSC was utilized to elucidate the role of protein-solvent in-
teractions during insulin fibrillation based on the thermal
stability of the protein in each solvent system (Fig. S8)
(85,86). The reference temperature (T0), transition enthalpy
(DHu), and entropy (DSu) upon protein unfolding in water
were 67.1C, 103.3 kJ/mol, and 304.1 J/K,mol, respectively
(Table 2). DHu of insulin was larger in water than in binary
mixtures or organic solvents, and this result was attributed
to the native folding structure of the protein and itsBiophysical Journal 107(8) 1939–1949
1946 Choi et al.associated tetrameric state in water (Fig. 3). Insulin also
exhibited a high T0 in water, indicating that the intramolec-
ular hydrophobic interactions of the protein are stabilized to
avoid the formation of a water-hydrophobic region inter-
face. These values imply that a large amount of energy at
high T0 is required to form a partially folded insulin interme-
diate, which then forms the dimeric building blocks of
the nucleus of mature fibrils (44). As a result, insulin ex-
hibits slower fibrillation and low b-sheet abundance in water
compared with the protein in binary mixtures due to its high
stability in water.
For insulin in binary mixtures, both the enthalpy and en-
tropy changes during the thermal transition increase in the
following order: DMF50 > NMF50 > FM50. The initial
structure of insulin within each solvent system contributes
to the trend of DHu because less thermal energy is required
for the transition when the initial structure is more dena-
tured. As discussed above, the degree of denaturation of in-
sulin increases as the number of hydrogen-bondable protons
in the organic solvent molecule increases (Fig. 2). In addi-
tion to the initial structure, the degree of interaction between
the protein and organic solvent contributes to the degree of
thermal transition of the protein from its initial state. Protein
denaturation requires high energetic melting of cooperative
intramolecular interactions in the protein (87), a process that
is considered partially compensated for by formation of
hydrogen-bonding interactions with organic solvent. Thus,
the relatively lower increase in DHu in FM compared with
other methyl derivatives can be explained by its maximum
number of hydrogen-bondable protons. Consequently, the
increase in DHuwas correlated with the degree of N-methyl-
ation of the organic solvents. During protein denaturation,
DHu is nearly compensated for by a corresponding change
in DSu due to an increase in the degrees of freedom of the
denatured protein (88). In addition, the entropic gain is
attributed to rearrangement of the organic solvent molecules
via hydrophobic interactions between the protein and the
methyl groups of the organic solvent molecules.
The increase in the entropic gain is correlated with the de-
gree of N-methylation of the organic solvent molecules.
Residues B11–B17 are believed to form the intermolecular
interface via hydrophobic interactions (37,43–45), and thus
the increased hydrophobicity of the solvent system would
suppress the association of residues B11–B17. Conse-
quently, the b-sheet abundance would increase as the num-
ber of substituted methyl groups in the organic solvent
decreases (Fig. 1 c).
Binary mixtures exhibit low T0 values (~30
C) despite the
presence of water, indicating that hydrophobic residues of
insulin can be readily exposed to the outside. In other words,
the observed structures in Fig. 4 are closer to an intermedi-
ate state than to the native state and can eventually form the
nuclei of mature fibrils. When the structure of insulin is fully
solvated after thermal denaturation, the water molecules in
the binary mixtures will remain unstable on a hydrophobicBiophysical Journal 107(8) 1939–1949interface exposed to the solvent. The enhancement of insu-
lin fibrillation in binary mixtures therefore minimizes the
water-hydrophobic region interface (Fig. 1 a).
The order of DHu and DSu in organic solvents is in agree-
ment with the trend observed in binary mixtures, but DHu
and DSu are much smaller in organic solvents than in binary
mixtures (Table 2). The smaller changes in DHu and DSu
indicate that the protein-solvent interaction does not signif-
icantly change during thermal denaturation. Therefore, the
results indicate that organic solvents denature the entire
structure of insulin more effectively than binary mixtures,
thereby rendering the structure unsusceptible to the thermal
heating process. The thermodynamic values of insulin in
DMF100 (Table 2) may be attributed to the dissociation of
unknown aggregates. Organic solvents exhibit higher T0
values than binary mixtures, indicating that DSu is decreased
more than DHu in organic solvents compared with binary
mixtures. This result implies that solvent molecules stabilize
the hydrophobic region of insulin in an unfolded structure in
the initial state. Thus, insulin fibrillation in organic solvents
is highly suppressed due to the absence of water, which is
the driving force for hydrophobic interactions (Fig. 1 b).
T0 values increased in organic solvents by the number of
substituted methyl groups, but were unchanged in binary
mixtures. This result may correlate with the presence of wa-
ter in binary mixtures. Although methyl derivatives of form-
amide are fully miscible with water, it is expected that
methyl groups within organic solvents do not prefer contact
with water molecules (89). Therefore, when hydrophobic re-
gions of the protein are exposed to the outside, methyl
groups within organic solvents tend to interact with hydro-
phobic regions rather than with water. As a result, entropy
gain is enhanced and the T0 values of NMF and DMF appear
to shift in binary mixtures.Importance of denaturation and hydrophobic
interactions during insulin fibrillation
Our structural analysis via SAXS and simulated annealing
indicated that FM and its methyl derivatives dissociate an
insulin tetramer into monomers and concomitantly denature
the protein into pseudo-intermediate monomers for protein
fibrillation in the initial state (Fig. 6 a). Although all organic
solvent systems investigated in this study yielded denatured
structures of insulin in which residues B11–B17 were
exposed (with the exception of DMF100), large variations
in the fibrillation kinetics, fibril abundances, and morphol-
ogies were observed. The enhanced fibrillation of insulin
in binary mixtures indicates that the cooperation between
protein denaturation and hydrophobic interaction promotes
insulin fibrillation (Fig. 6 b). In water, insulin prefers intra-
molecular hydrophobic interactions to avoid contact with
water molecules. Consequently, a slow fibrillation rate
is observed in water due to the high activation energy for
the exposure of residues B11–B17. In binary mixtures,
FIGURE 6 (a and b) Schematic overview of (a)
the formation of the pseudo-intermediate structure
for fibrillation and (b) the protein-solvent interac-
tions in each solvent system. To see this figure in
color, go online.
Fibrillation under Water-Limited Conditions 1947however, organic solvents denature the protein, and residues
B11–B17 are exposed to solvent molecules (Table S2). As a
result, the interface between water and the exposed B11–
B17 region induces an intermolecular interaction among
residues B11–B17 by a hydrophobic interaction. Organic
solvents also induce denaturation of the protein and expo-
sure of residues B11–B17 to the outside, but the driving
force for the intermolecular hydrophobic interaction of the
residues is diminished in the absence of water. Therefore,
in organic solvents, insulin is stabilized as the denatured
structure, which is nonamyloidogenic.CONCLUSIONS
We have investigated the correlation between insulin fibril-
lation and the environmental factors that denature the native
structure of the protein. The fibrillation process is acceler-
ated in binary mixtures compared with water, whereas
organic solvents delay fibrillation. The model system pre-
sented here may represent a heterogeneous biological sys-
tem in which the water content is limited and the stability
of the protein is reduced (e.g., the water-lipid interface in
the cellular environment). In addition, this homogeneous
system can provide insights into both the protein structure
and the protein-medium interaction. Numerous studies
have noted the importance of the denaturation of an amyloi-
dogenic protein in fibrillation (76). This study also confirms
that conformational change promotes fibrillation rates ofinsulin. However, the results obtained in organic solvents
emphasize that the presence of water is essential for insu-
lin fibrillation. Therefore, the ability to control these two
important factors in abnormal protein-protein interactions
may be a prerequisite for developing a therapeutic strategy
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